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Abstract
We investigate the history of dark energy to explain the present magnitude. Our
investigation begins with the reheating process through the gluon pair productions by
QCD trace anomaly. We assume the dark energy is the residual cosmological constant.
We argue dark energy decays rapidly by gluon pair emissions during the reheating and
after the big bang. The reheating temperature is determined by the decay width of dark
energy Γ. It is low as
√
MPΓ ∼ 106GeV . It is the consequence of Friedmann’s equation
and an equilibrium condition Γ ∼ H . As the Universe cools below the hadronic scale,
dark energy density is almost frozen. The density of dark energy further decreases by
emitting two photons. We have pinned down the current magnitude of dark energy
from Friedmann equation and the QED trace anomaly in an excellent agreement with
the observations.
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1 Introduction
Cosmological constant problem has been recognized as one of the greatest riddles in physics
[1] . If it is non-vanishing, it can be at one of the fundamental scales. The most natural scale
is the Planck scale MP . However the present value turns out to be much smaller than that
by the factor 1030. The energy density (10−3eV )4 is of a familiar magnitude for us. It might
be related to biology . Although such a possibility cannot be ruled out, there might be a
simpler solution [2] [3] [4]. In fact, the universe may have started with de Sitter expansion [5].
It then went through inflation to prepare big bang [6–9].
The greatest mystery here is inflaton and its relation to dark energy. We interpret dark energy
as the residual cosmological constant. We assume inflaton decayed due to its nontrivial
potential. We do not discuss it in this paper assuming it plays a minor role in the history of
dark energy. We rather focus on the evolution of the metric degrees of freedom. Since the
conformal mode is a part of space time metric,
√−g = exp(4ω), the reheating temperature
is low if our overall view is correct. Our basic strategy is to solve Friedmann’s equation with
the equilibrium condition Γ ∼ H .
3H2M2P = ρ, Γ ∼ H. (1)
Due to the ω − h − h couplings in the anomaly where h denotes a gluon, the dark energy
decays by emitting a pair of gluons. The decay width Γ is determined by our identification
of dark energy and cosmo logical constant.
We know the history of the Universe is fairly complicated. Everybody goes out and then
comes back inside the horizon. The energy flow is associated with this procession. With
supply of energy, dark energy turs into gkuons, The condition H ∼ Γ determines the begin-
ning of radiation dominated thermal Universe. By the first law, the entropy flaws out during
the inflation and comes back in the reheating process. We assume curvature perturbations
plays the central role not only during reheating process but into the big bang. The Hub-
ble’s parameter is identified with the decaying width of dark energy H = Γ. It ensures the
Big Bang starts as an equilibrium states after the reheating. The reheating temperature is√
MpΓ ∼ 106GeV . A more detailed investigations are performed in what follows.
After the inflation, the most of energy of inflaton is transformed into radiation energy. The
big bang begun with the radiation dominated thermal states and it is a very successful theory.
However the Universe started the accelerated expansion to our surprise when z < 0.6. The
energy contents of current Universe is matter: dark energy = 0.3 : 0.7. Contrary to our
image, the Universe started accelerated expansion again now just like at the beginning. In
order to solve the cosmological constant problem, we need to explain not only its magnitude
of a few hundred K but also why it dominates now. In other words we need to explain the
history of the universe. In this paper we present our idea on the history of dark energy. The
inflation and reheating set important stages in our story.
In our view dark energy is the left over cosmological constant. It can decay through QCD
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or QED conformal anomaly by emitting a pair of gluons or photons. So it continues to
decay throughout the cosmological history. In fact it is the most unstable form of energy (in
comparison to radiation and matter). That is why we did not notice it until hadronic decay
channels are closed due to QCD phase transition. It still has the weak instability in the QED
sector. It decays by emitting two photons through QED conformal anomaly. We can estimate
the QED decay width ΓQED. Surprisingly our scenario ΓQED ∼ H reproduces the magnitude
of dark energy now
√
MpΓQED ∼ 10−3eV . We perform more detailed investigations in section
3.
The conformal mode
√−g ∼ e4ω can be related to curvature perturbation e2Φ in the confor-
mal Newtonian gauge. So our idea works in generic inflation/quintessence theories [11] [12].
The possible connection between anomaly and inflation has been suggested in the earliest
work [15]. Our proposal is on the close elation between anomaly and dark energy. Unlike
inflation theory, the relevant anomaly is the QCD and QED gauge anomaly. The anomaly
is the inevitable ω dependence of the theory. Our claim is that such a theory agrees with
dark energy.
The contents of this paper are as follows. We started our paper with fanfare in this section,
announcing a possible resolution of the cosmological constant problem. In section 2, we
investigate the reheating process :the transit from inflation to big bang in details. In section
3, we describe the decay of dark energy due to conformal anomaly. In section 4, We claim the
dark energy becomes very stable after QCD transition. That is the reason why it dominates
the energy contents of the Universe now. We further estimate the magnitude of dark energy
quantitatively. We conclude in section 5 with discussions.
2 Active dark energy
We first list the mile stones of the Universe.
The reduced Planck scale: MP =
√
1
8πG
∼ 2.4× 1018(GeV ).
Curvature perturbation: P = R2 =
H2
(2π)22M2P ǫ
∼ 2.2× 10−9. (1)
The curvature perturbation refers to the value at low angular momenta of CMB. We need to
estimate the e-folding number N from the horizon exit until the end of inflation. Although
it is customary to assume that the e-folding number is 50 < N < 60, we first reexamine it
as it is relevant to the history of dark energy.
It has been estimated as [18]
N = 63.3 +
1
4
log ǫ+
1
4
log
Vhor
ρend
+
1
12
log
ρreh
ρend
. (2)
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where ρhor, ρend, ρreh denote the energy density at the horizon exit, the end of inflation and
the reheating era respectively. Vhor is the potential at the horizon exit. We investigate the
mechanism in which the conformal mode plays an important role. Thus we investigate a
weakly coupled theory with a relatively small reheating temperature TR. This fact implies
the last term is very important. Nevertheless, we have no firm ground to assume that N is
much smaller than 50.
The conformal mode of the metric couples to the standard model particles via anomaly. It
also couples to heavy fields such as the right-handed neutrino and the dark matter through
the mass terms. The gravitational coupling gives rise to the suppression factor H2/M2P ∼
ǫ10−9. The only upper limit is known for one of the slow roll parameter ǫ < 1/200. We
assume ǫ ∼ 10−2 in this paper although it could be smaller. The β function in QCD is the
largest standard model coupling of O(1). The right-handed neutrino and the dark matter
may contribute significantly to the reheating process.
It is important to understand the basic mechanism behind us [23]. Let χ denote a particle
which couples to time dependent curvature perturbation. ω denotes the magnitude of the
curvature perturbation. The coupling q is assumed to be small. As is often the case, the
driving force is the harmonic oscillators with time dependent frequency. Particle production
takes place when the adiabaticity is violated.
In dark energy case, we find the tree approximation turns out to work excellently. By the
end of inflation, we have generatednde Sitter entropy of S ∼ 1010/ǫ. After the inflation, the
Universe is reheated due to the particle creation in the time dependent background. In this
process more entropy is generated in the form of hot radiation. Total entropy of CMB is
1045. After the reheating, the radiation dominated thermal equilibrium is realized.
We argue that the pair creation of gluons dominate in this process due to the following QCD
conformal anomaly term
∫
d4x(
1
αs
− 2βω) 1
8π
tr[FµνF
µν ]. (3)
where β = (33−2Nf )/(12π) and αS = g2/4π is the coupling of the strong interaction [16,17].
After reentering the horizon, the conformal mode (curvature perturbation) oscillates with
time. The 3 point vertex after the Fourier transformation is
∫
dt
∫
d3xei(k1−k2−k3)tei(
~k2+~k3)·~xω∗(k1)tr[F
µν(~k2)Fµν(~k3)]i
=(2π)4δ(k1 − k2 − k3)δ3(~k2 + ~k3).ω(k1)tr[F µν(~k2)Fµν(~k3)]. (4)
We assume conformal mode oscillates as ωeiT t inside the horizon. This is the primary
source of reheating. The kinematics is identical for a massive particle of m = T decays into
two massless particles. In addition, we have SU(3) color indices. Here H∗ is the Hubble
parameter at the horizon exit. On the other hand T is the parameter (temperature) of
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the reheating Universe. As it turns out , it is a good strategy to use the temperature, or
energy density T instead of the Hubble parameter H . It is because we are looking for a
thermal equilibrium states inside horizon. They must possess the common temperature or
local energy T . Furthermore, the decay width of dark energy depends on the temperature
linearly. We need to determine the appropriate temperature for the problem.
To be precise, we put k1 = T, k2 = k3 = T/2. We need to evaluate the gluon pair production
probability on a background ω(t)
2π
2T 3
∫
d3k2
(2π)3
δ(k1 − k2 − k3)V (ω(k1))V ∗(ω(k1))
=
Tα2Sβ
2ω2(k1)
16π
× 8. (5)
where
V (ω(k1))V
∗(ω(k1)) =
1
2
< F aµνF
ρσ
b >< F
b
ρσF
µν
a > β
2ω2. (6)
In the final step of the reheating calculation, it is necessary to evaluate two point function
of the conformal mode as they bring energy inside horizon.
Let us take the conformal Newtonian gauge. Then we can assume the metric is
ds2 = −e−2ψdt2 + e2ψ ~dx · ~dx. (7)
It is then possible to identify 4w = 2ψ. We find the curvature perturbation may play an
important role concerning dark energy. It is formed during inflation and remains constant
until the reentry into Horizon. It begins to oscillates again which destabilizes dark energy
as we will see.
We gauge away inflaton φ by identifying it with the classical time.
T =
ϕ
φ˙
. (8)
ζ = HT = H
ϕ
φ˙
= Zϕ. (9)
We arrive at a translation rule [19]. The two point function of ζ can be calculated from those
of ϕ by multiplying Z2.
As the massless free scalar power spectrum is H
2
4π
,. the curvature perturbation is
ζ2 = Z2
H2
4π
=
H2
8π2ǫM2P
. (10)
The identical result is obtained by gauge invariant variables ; Bardeen parameter : Zϕ [21].
Since gauge invariant variables are unique, we conclude the anomaly coincides with the
4
curvature perturbation. In Mukhanov-Sasaki variables [22, 24], the curvature perturbation
agrees with ours if we gauge fix inflaton.
R = v/z = φ+
δϕH
ϕ˙0
. (11)
Note that we may remove the phase space integral of the decaying state. Then what left
with is the following integrand
H2∗
2k3M2P (2ǫ)
. (12)
We argue the strength of the gluon emission by QCD anomaly is universal in the inflation
theories. We can identify ψ with the conformal mode in the relation
√−g = e4ω = e2ψ.
We then relate it to the curvature perturbation ζ = ψ in a comoving gauge with respect to
inflaton R = ζ .
We thus identify ζ with 2ω. The conformal mode reheat the Universe just like the curvature
perturbation. Our mechanism works in generic inflation theory with this identification. We
have proposed a formalism in which the cosmological constant decays via trace anomaly.
The necessary energy is provided by the inflow of the curvature perturbation. We argue it
is a universal decay mechanism of dark energy.
Anomaly is the unavoidable quantum breaking of conformal invariance. QCD anomaly is
a nice potential which contains 2 strongly coupled standard model fields and one curvature
perturbation. The conclusion is that dark energy decay phenomenon due to anomaly may
be universal as it is unavoidable. The history of dark energy might be also universal. It is
exciting to investigate them from the both theoretical and observational point of view.
By specifying the principle potential as trace anomaly, we find its decay width as follows in
a perturbation theory.
Γ ∼ π
2
α2Sβ
2PT ∼ (0.1)310−9T ∼ 10−12T (GeV ). (13)
The linear dependence of Γ on T is kinematical effect. Since the above Γ ∼ H is finite, the
dark energy is found to decay. We thus conclude
H ∼ α3R2T. (14)
Even in the big bang era, the dark energy continues to decay. However this QCD anomaly
instability goes away when the Universe cools down to 100MeV and QCD phase transition
has taken place. It is because gluons become massive and the dark energy cannot provide
enough energy to pair up them.
We still need to check the possible instability against photon pair production. As it turns
out that is the most important effect on dark energy when T < 100MeV .
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The necessary condition for quasi stationary state is Γ = H . Since Γ << H at the initial
stage of reheating, it takes a long time to reach the equilibrium. After big bang, the effect
of dark energy disappears relative to radiation and matter as it decays exponentially.
The Friedmann equation can determine the temperature of the big bang in a self-consistent
way.
3H2M2P ∼ 3Γ2M2P = ρω + ρr ∼ 30T 4. (15)
where 30T 4 denotes the energy density of the standard model. In particular, we consider
the (50, 50) radiation and inflaton energy density balance point.
3Γ2M2P = 3 · 1012T 2 ∼ 30T 4. (16)
The big bang starts at T ∼ 106GeV . We sought for the solution of Friedmann equation with
the anomaly induced decay width.
Needless to say, there is considerable uncertainty on our knowledge of P to apply it in the
beginning of big bang. Let us change the magnitude P → T nP . The big bang starts at
T ∼ 106+nGeV . We may estimate the possible change of P from k dependence k−1+ns ∼
eN(−1+ns) ∼ 1/10. We should be prepared to new observations in this field. In stead of
looking for a self-consistent solution by a single stroke, we may investigate the evolution of
the system.
We have found the decay width of dark energy rather low 10−6GeV . Its life time is 10−12
seconds. Its survival probability at the QCD transition period is estimated as e−10
2 ∼ 10−50.
On the other hand , let us compare it to the other stuff
N =
∫ tf
ti
dtH ∼ 1/2 log(tf/ti),→ a(tf )/a(ti) ∼ 1010. (17)
We find the dark energy decays faster 10−50 than the radiation (a(ti)/a(tf))
4 ∼ 10−40.
The decay of dark energy may be enhanced further as the coupling becomes strong at QCD
phase transition. However dark energy is stabilized in the hadronic phase to escape the
complete extinction . On the contrary they come back to the main constituent of the energy.
Finally we investigate what tricks trigger such an impressive come back.
3 Matured dark energy
Since gluons have obtained a mass gap by QCD phase tansition, we only need to consider
the pair creation of photons in (6) as the total decay width ΓQED of dark energy . It can be
obtained from Γ by dropping the color multiplicity 8 and then replace other quantities by
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that of QED.
ΓQED ∼
π
2
α2eβ
2
ePTDE ∼ 10−610−9TDE ∼ 10−15TDE . (1)
We obtain an analogous equation with (14).
H ∼ α3eR2TDE . (2)
H decrease with T . It vanish if the theory is UV finite. It is proportional to P . Note we
have introduced a different energy scale of dark energy TDE << T . Although it is a free
parameter at this point, we determine it subsequently. QED conformal anomaly term is∫
d4x(
1
αe
+ 2βeω)
1
16π
FµνF
µν , (3)
where βe = Q
2/(3π), Q2 =
∑
i q
2
i = 8. We have changed the gauge group from SU(3)
to U(1). αe = e
2/4π is the fine structure constant. Here we have taken account of the
contribution to β from all charged fermionic particles in the standard model.
We believe the curvature perturbation P is reliable in this regime as it exits the horizon at
the beginning of the inflation.
We recall ΓQED = H is a necessary condition for dark energy to be equilibrium with the
Universe. Based on such a logic, we may predict the energy density of dark energy: e−ΓQEDt ∼
e−Ht ∼ 1/a(t). Just like big bang, this solution corresponds to (50 : 50) matter, dark energy
density of 10−12eV 4 each. The Friedmann equation is satisfied: 1024T 2 = 1012, T = 10−18eV .
TheH also comes out rightH = 1012T10−27 = 10−33eV . Furthermore 1/a(t) = 1+z behavior
of dark energy is consistent with the observations when z > 0.6 as shown in Fig.1. †
This is a startling result which gives us a correct magnitude of dark energy now and its
history. The magnitude of current dark energy is explained from the first principle. Fried-
mann’s equation and the condition for equilibrium. The question of why now and a history
of dark energy have revealed tricks and surprises. The history has assured us dark energy
is consistent with general relativity as it obeys Friedmann equation. The recent dominance
may be due to the fact that dark energy becomes the most stable as the Universe cools
down. As the temperature of the Universe approaches 100MeV , more and more gluons,
quarks and leptons are produced while dark energy decays. Thus dark energy is a powerful
source of gluons, quarks and leptons. They tip the balance between the quark-gluon plasma
and hadrons in favor of the former. It may prolong the quark-gluon plasma phase. Dark
energy acts like photons which keep hydrogen atoms ionized for a long time. The dark energy
also helps to lengthen the process of pair annihilation of quarks and leptons.
It is necessary to examine such a detailed picture to appreciate the history of dark energy
density. Our success of proposing a realistic history of dark energy of the Universe likely
to-imply that there is truce in our story. We are optimistic to have come up with why dark
†Private communication. I thank Takahiko Matsubara for his interest in my work.
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Figure 1: The Hubble parameter measurements and their errors (in units of km/sMpc) are
compared with theoretical predictions.
energy dominates now. It is because dark energy decays more rapidly in comparison to
matter energy after the reheating. Furthermore it becomes almost constant in the hadronic
phase. Nevertheless two photon production process appears to reduce dark energy slowly
as the slowest runner of the energies since Friedmann equation is maintained. By imposing
equilibrium condition, we can single out the dark energy which precisely agrees with the
observation.
The decay width is T = 10−3eV . The Hubble parameter is 10−33eV corresponding 1011
seconds or 100 billion years.
We expect this model does not apply z < 0.6 as a different dynamics may be operative
there [10]. Unfortunately this story of dark energy ended at z = 0.6. We have already
entered a new phase which may be as strange and beautiful beyond our imaginations.
Before concluding this section, we remark on the Baryo-genesis. The mass term of the
right-handed neutrino is ∫
d4xω(t)MabR ψaψb (4)
where the indices a, b denote 3 generations. The right-handed neutrino contributes Γ ∼MRP
to the decaying width of dark energy where P denotes the curvature perturbation . The
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reheating temperature is TR ∼
√
MR109GeV . It is of the same order with QCD gluon pair
creation scenario. if MR > TeV . While gluons are efficient to generate strongly interacting
particles and they subsequently decay into leptons and neutrinos, the right-handed neutrino
and the dark mater are weakly coupled. However the production of copious right handed
neutrino may be necessary for Baryogenesis since the reheating temperature in our model
TR ∼ 106GeV which may be too low for lepto-genesis. On the other hand, the right handed
neutrinos are pair produced by (4) to remeday such a difficulty. [25]
4 Conclusions and discussions
In the last section, we would like to reflect why the cosmological constant problem was
thought to be one of the hardest problem and which aspect is vulnerable. It is correct that
a large amount of Energy has to be released to reduce the cosmological constant. In view of
dark energy, we need a mehanism for almost complete entropy transfer. It is clear dark energy
was a very active material few imagined if ever. In fact it decays the fastest among radiation
and matter. So reducing cosmological constant takes place without noticing by any of us.
The engine of the self destruction has been QCD anomaly and curvature perturbation. Dark
energy creates a pair of gluons and photonsnd dark energy turns into quarkes and leptons
by their decay. The situation drastically chnages at the QCD phase transition. q
When the Universe cools down around 100 MeV, the quarks and gluons bound into hadrons.
The dark energy does not have enough energy to create hadrons anymore.So at this point
stable or mature dark energy is born. Since the life time of dark energy is governed by pair
photon creation and it is as long as the life time of the Universe, dark energy becomes the
most stable form of energy akin to cosmological constant.
We can adopt the experimental value as the curvature perturbation to investigate a history
of dark energy. The big bang, matter and dark energy density balance each other . Dark
energy continues to produce entropy by decaying with gluon pair production. However it
has become stable after QCD transition since it lost major decay chanel. Nevertheless,
dark energy appears as the dominant component of the energy densities of the Universe.
Finally it becomes such dominant that the Universe resumed accelerated expansion. de
Sitter entropy reached 10120 now which can be explained by Γ2M2P is the decaying width of
dark energy by two phtoton emission. We have thus told a history of dark energy which
can explain why it dominates now. The present dark energy is a self consistent solution of
Friedmann’s equation and Anomaly. Our universe after all keeps the subtle balance between
the classical and quantum physics. The observations of curvature perturbation are expected
to be accurate on dark energy scale. On the other hand, we need to have much better data
on those coming out the Horizon much earlier.
The most unexpected element is the curvature perturbation who supplies energy. Stable
supply of energy has been crucial even for dark energy. The cosmological constant is syn-
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onymous to vacuum energy. Have we reached the lowest point of vacuum? The answer is not
known, but it could go still lower. Will the cosmological constant to be positive forever? It
is likely so, since the cosmological constant is found to be so small 10−3eV . It is reassuring
that Our Universe satisfy general relativity and Quantum Field Theory. Furthermore the
conformal invariance is minimally broken resulting in a small positive dark energy. However
the Universe is now dark energy dominant and acceleration speed is raising. Even if we have
solved a major problem, we have equally challenging problems ahead.
Acknowledgment
This work is supported by Grant-in-Aid for Scientific Research (C) No. 16K05336. I thank
Chong-Sun Chu, Satoshi Iso, Jun Nishimura, Hikaru Kawai, Kazunori Kohri, Takahiko Mat-
subara ,Hirotaka Sugawara and especially Hiroyuki Kitamoto for discussions.
References
[1] Steven Weinberg Rev.Mod.Phys. 61 (1989) 1-23
[2] A. M. Polyakov, Nucl. Phys. B 797, 199 (2008) [arXiv:0709.2899 [hep-th]].
[3] R. Jackiw, C. Nunez and S.-Y. Pi, Phys. Lett. A 347, 47 (2005) [hep-th/0502215].
[4] N. C. Tsamis and R. P. Woodard, Nucl. Phys. B 474, 235 (1996) [hep-ph/9602315].
[5] H. Kawai, Y. Kitazawa and M. Ninomiya, Nucl. Phys. B 404, 684 (1993)
[hep-th/9303123].
[6] A. H. Guth, The Inflationary Universe (Perseus Books, New York, 1997)
[7] K. Sato, Monthly Notices of Royal Astronomical Society, 195, 467, (1981).
[8] A. D. Linde, Phys. Lett. 108B, 389 (1982) [Adv. Ser. Astrophys. Cosmol. 3, 149 (1987)].
[9] A. Albrecht and P. J. Steinhardt, Phys. Rev. Lett. 48, 1220 (1982) [Adv. Ser. Astrophys.
Cosmol. 3, 158 (1987)].
[10] H. Kitamoto and Y. Kitazawa, T. Matsubara Phys.Rev.D 101 (2020) 2, 023504 [arXiv:
1908.02534 [hep-th]]
[11] B. Ratra and P. J. E. Peebles, Phys. Rev. D 37, 3406 (1988).
[12] R. R. Caldwell, R. Dave and P. J. Steinhardt, Phys. Rev. Lett. 80, 1582 (1998)
[astro-ph/9708069].j)
10
[13] A. A. Starobinsky, Lect. Notes Phys. 246, 107 (1986).
A. A. Starobinsky and J. Yokoyama, Phys. Rev. D 50, 6357 (1994) [astro-ph/9407016].
[14] aN. C. Tsamis and R. P. Woodard, Nucl. Phys. B 724, 295 (2005) [gr-qc/0505115].
[15] A. A. Starobinsky, JETP Lett. 30, 682 (1979) [Pisma Zh. Eksp. Teor. Fiz. 30, 719
(1979)]
[16] D. J. Gross and F. Wilczek, Phys. Rev. Lett. 30, 1343 (1973).
[17] H. D. Politzer, Phys. Rev. Lett. 30, 1346 (1973).
[18] R. Liddle and S. M. Leach, Phys. Rev. D 68, 103503
[19] J. M. Maldacena, JHEP 0305, 013 (2003) [astro-ph/0210603].
[20] E. Kolb, M. Tuner, The early Universe, CRC Press
[21] J. Bardeen, Phys.Rev.D22 1882 (1980)
[22] M. Sasaki, Prog. Theor. Phys. 76 (1986) 1036;
[23] Rouzbeh Allahverdi, Robert Brandenberger, Francis-Yan Cyr-Racine, Anupam Mazum-
dar, [arXiv:1001.2600 [hep-th]].
[24] V. Mukhanov, Sov. Phys. JETP 67 (1988) 1297.
[25] M.Fukugita, T. Yanagida Phys.Lett. B174 (1986)45
11
